Abstract. Most previous studies have focused on pure (clean) sands, silts, and clays; no concrete and diligent e ort has been made to understand dynamic behaviors of natural sandy soils. The purpose of this paper is to evaluate the e ect of loading frequency, as one of the most important factors, on the dynamic properties, especially sti ness and damping characteristics of natural sandy soils mixed with silt and gravel. For this purpose, 40 dynamic triaxial tests were carried out on the cylindrical samples prepared from three mixed sandy materials. Cyclic tests were performed using large triaxial apparatus under di erent con nement conditions, waveforms, and loading frequencies. Results showed that shear modulus and damping ratio were dependent on con ning pressure and loading frequency. Shear modulus and damping ratio increased as loading frequency increased. Moreover, the shear modulus increased as con ning pressure increased; however, damping ratio decreased. However, the e ect of triangular, sinusoidal, and rectangular waveforms on the dynamic behavior was negligible. In the studied ranges of strains, the e ects of the number of cyclic loadings and excess pore water pressure over G=G max and D were negligible. There are considerable di erences between the obtained results of the tested soils and literature results, even for almost the same loading frequencies.
Introduction
Sand is rarely found clean and pure in natural deposits and is usually found in composition of clay, silt, and gravel. Most previous researches have concentrated on uniform clean sands, or sands with little nes. Published results are inconclusive in clarifying the e ect of added nes on sands. It has been reported that, due to particle size disparity and the availability of pores larger than the added particles, some ne particles can occupy a part of the void space and, eventually, play little or no part in the response of the mixtures [1, 2] . The gravel content also plays an important role in dynamic behavior of sand mixture [3, 4] . However, it should be recognized that the existence of fractions of clay, silt, and gravel could a ect sand's behavior remarkably. On the other hand, an increase in demand of the alluvial deposits and response spectra in cities' microzonation projects highlights the importance of studying the dynamic behavior of shallower layers. The exact information and knowledge of strain-dependent shear modulus (G ), damping ratio (D ), and low strain shear modulus of the studied materials is necessary in such analyses.
Almost none of G and D relationships was available for soils containing large particles up until when Seed et al. [5] published results of large-scale (diameter about 300 mm) cyclic triaxial tests. Over the three past decades, results have become available to many investigators. These studies are limited to the tests performed under loading frequency less than 0.2 Hz. More results have become available in recent years to other researchers, yet most of them were carried out under low frequency loading (less than 0.2 Hz).
Previous tests results on soils were obtained under the following conditions: undisturbed and reconstituted specimen, loading frequency from 0.01 to 0.2 Hz, con ning pressure from 29 to 490 kPa, sample density from 27 to 95 percent, applied cycles number from 3 to 12 cycles, ne contents from 0 to 9 percent, and maximum grain size from 10 to 150 mm.
Strong motion records from the recent earthquakes, including 1994 Northridge, 1995 Kobe, 1999 Chi-Chi, and 2003 Bam events, have shown the importance of local site conditions in the propagated ground motions [6] . One-dimensional site response analysis is widely performed to account for local site e ects during an earthquake [7] [8] [9] . The dynamic soil properties have been assumed to be frequency independent in most of these approaches.
Laboratory test results, including non-resonance method in Resonant-Column (RC) test, undrained cyclic torsional simple shear tests using hollow cylindrical torsional shear apparatus, cyclic triaxial, bender element, model tests including shake table, and centrifuge as well as in-situ soil-speci c nonlinear dynamic properties back-calculated from vertical array records during earthquake, show that shear modulus and damping ratio are dependent on the frequency of loading [6] . Owing to the limited available data for di erent soils at low strain, Park and Hashash assumed that only the small strain shear modulus and damping ratio are frequency dependent [9] . However, the dependency of soil dynamic properties on frequency even at low strain is not modelled clearly.
The linear theory of viscoelasticity can describe the low strain mechanical behavior of soils exposed to dynamic excitation accurately. This theory is able to accurately simulate, from a phenomenological point of view, two important features exhibited by soils undergoing harmonic oscillations: their ability to store, and, at the same time, to dissipate strain energy over a nite period of time [10] [11] [12] . An important consequence of reformulating the low strain dynamic properties of soils, within the framework of the theory of viscoelasticity, is that the velocity of propagation of body waves, in particular, shear wave (or shear modulus), and the material damping are not two independent parameters [6] . Their functional coupling is a direct consequence of material dispersion, a phenomenon by which, in viscoelastic media, the velocity of propagation of mechanical disturbance has to be frequency dependent in order to satisfy the fundamental principle of causality [6] . As a result of their mutual dependence, shear modulus and damping in soils should be measured simultaneously, even though, in current geotechnical engineering testing practice, these two parameters are determined separately [10, 13] .
In addition, Khan et al. [14] showed that the dynamic properties of soils exhibiting strong viscoelastic behavior cannot be considered to be frequency independent in the earthquake frequency bandwidth (< 30 Hz) [11] , even for low strain level excitations [10] as is (happens to be) the common practice in geotechnical engineering [15] .
Results of numerical analysis show that the greater part of earthquake energy is in the frequency range of 1 to 5 Hz [16] . However, all the cyclic deviator stresses using triaxial tests, in earlier studies, were applied in uniform sinusoidal cycles at frequencies of up to 0.2 Hz [17] . The low frequency may be selected in order to measure the deformation accurately. ASTM D3999 [18] recommended the frequency variation between 0.1 and 2 Hz. Zhang et al. [19] indicated that there is a signi cant discrepancy at small strain levels between the recommended D curve and test data for D min at di erent loading frequencies of sands and negrained soils.
Earthquake ground motion simulation with frequency-dependent soil properties, conducted by Meng [11] and Park and Hashash [9] , demonstrates that the dynamic properties of soils play an important role in the near surface earthquake ground motion analyses and need to be used in the same way as they were measured. The above-mentioned studies were limited to the ne-grained and pure sands at low shear strains.
A study conducted by Aghaei Araei et al. [20] on gravel materials with ne content ranges from 0 to 49% under loading frequency range of 0.1 to 1 Hz shows that damping value at loading frequency of 1 Hz at low strain is much higher than the corresponding results presented by Seed et al. [5] and Rollins et al. [17] .
Maheshwari [21] performed strain controlled undrained cyclic triaxial tests to evaluate shear modulus and damping ratio of the Solani sand. The tests' results showed that the frequency of loading does not have a signi cant e ect on the normalized modulus in the test range of shear strain. However, the damping ratios are a ected to some extent by the frequency of loading, as higher damping ratios are observed at higher frequencies [21] .
Extensive triaxial testing by Aghaei Araei et al. [22] [23] [24] on gravels (e.g., frequency and con ning pressure range from 0.1 to 10 Hz and 100 to 1500 kPa, respectively) revealed that the shear modulus and, especially, the damping ratio behaviors are in uenced by the loading frequency. An increase in loading frequency increases shear modulus at low strain; however, the e ect of frequency decreases as strain increases. The damping ratio increases considerably by increasing the loading frequency. The shear modulus increases remarkably by increasing the con ning pressure; however, the damping ratio negligibly changes [22] [23] [24] . Ling et al. [25] studied the dynamic shear modulus and damping ratio of compacted sand subjected to freeze-thaw cycle under multi-stage cyclic loading. The results indicated that the dynamic shear modulus increases with the increasing initial water content, temperature, loading frequency, and con ning pressure [25] .
Therefore, the reassessment of the loading frequency e ects over other materials, such as natural sands, silts, and clays, via laboratory test is necessary not only at low strain, but also at medium and high strains via simultaneous measurement of shear modulus and damping ratio. By considering limitations of available suitable laboratory test results and available facilities, such as large-scale triaxial apparatus, in the Geotechnical laboratory at BHRC, it is useful to carry out an investigation to determine their behavior in order to have safe and economic designs and constructions.
Despite many experimental e orts made on negrained and sandy soils, there is only limited information about the behavior of mixed natural sandy soils under di erent loading frequencies. This research focuses on the e ects of di erent parameters, especially loading frequency, waveforms, and con ning pressure on dynamic behavior (i.e., shear modulus and damping ratio) of compacted natural sandy materials using large-scale triaxial equipment. Moreover, these results were compared to behavior curves available in the literature for similar soils in site response analyses, namely [7, 26, 27 ].
Material properties
In this study, the tested samples (three soils types) were obtained from the drilling boreholes form three cities in Iran. Characteristics of the used soils were uni ed and similar in the whole log pro les. Table 1 presents the main characteristics of tested materials, including soil type in Uni ed Soil Classi cation System, size distribution, speci c gravity, dry density and optimum water content, minimum void ratio, plasticity index and P=S wave velocity values. SM, SW, and SC were coarse grains (sand) and obtained from three boreholes related to Sorkheh, Semnan, and Pardis cities. The gradation curves of the materials for triaxial testing were obtained with maximum particle sizes of 38 mm (about 1/6 diameter of large-scale triaxial specimen, which is 200 mm). SM, SW, and SC materials consist of 25, 2, and 16% ne grains, and passing percentage from sieve no. 4 (4.75 mm) is equal to 65, 57, and 86%, respectively. The maximum dry densities and optimum water contents were evaluated for samples according to the standard proctor (ASTM D698 [28] ). Speci c gravity (G s ) ranges from 2.39 to 2.69, and minimum void ratio (e 0 ) varies from 0.133 to 0.363 for the tested materials.
Dynamic testing programs
Several specimens of di erent materials were prepared and tested under di erent con ning pressure conditions. The range of con ning pressures in testing was chosen with respect to the experienced stresses' levels in soil pro le (100 kPa for shallow layers, 200 kPa for intermediate layers and 500 kPa for deep layers). These tests were conducted on specimens on a large scale with 200 mm diameter and 400 mm height under di erent loading frequencies using the large-scale triaxial equipment. In all tests, a non-contact high sensitivity deformation transducer and two load cells were used. One of them was located outside the test cell and the other (the submersible type load cell) inside the cell. Deformation non-contact strain sensors were located on the both sides of the top plate in order to determine the average strain and eliminate the rotational component. These techniques exclude friction in the loading piston from measurements. All dynamic cyclic tests were performed according to ASTM D3999 [18] under e ective con ning pressures of 100, 200, and 500 kPa at frequencies of 0.5, 1, 2, 5, and 10 Hz, respectively. E ects of triangular, sinusoidal, and rectangular waveforms were also investigated over dynamic properties at di erent loading frequencies. The sinusoidal waveform was the main one in all cyclic triaxial tests; however, triangular and rectangular loading waveforms were applied at the three shear strain levels (low, medium, and large strains). About 40 tests were performed under di erent conditions on cylindrical specimens.
Testing procedure
The weight proportion of various grain sizes required to achieve the material grain size distributions was determined by the weight of each specimen. The specimens were prepared according to maximum dry density through adding optimum moisture content. In this study, specimens were prepared with their natural gradation and density due to representing the initial state of soils. The soil layers in the nature are neither completely dry nor saturated, but a state between these conditions. On the other hand, tested materials were obtained from the boreholes of the aged deposits. According to geological analysis of the studied regions, these deposits experienced relatively strong earthquakes and almost reached their maximum 9  570  1078  660  1201  733  1206  10  543  980  646  1213  691  1216  11  631  1153  775  1491  651  1091  12  634  1158  780  1501  884  1625  13  598  1098  784  1403  755  1405  14  658  1235  618  1100  979  1639  15  639  1166  682  1237  760  1412  16  584  1046  452  830  897  1647  17  498  905  661  1240  825  1417  18  524  995  553  995  900  1652  19  641  1243  763  1418  902  1803  20  736  1419  991  1802  992  1983  21  737  1421  1101  1982  1102  2203  22  687  1327  946  1806  1103  1987  23  623  1173  1045  1986  905  1809  24  796  1423  1104  1988  1105  2209  25  866  1532  1169  2115  804  1510  26  797  1424  1170  2073  996  1844  27  874  1533  1243  2211  28  940  1661  1214  2212  29  30 density. The results have been veri ed using standard proctor (ASTM D698 [28] ). Therefore, in order to simulate the real conditions of deposits and implement the same procedure, the specimens were been prepared in their maximum dry density by adding optimum moisture content. The sample materials were divided into four parts. Each layer was compacted in a split mold by means of a compactor with the frequency of 60 cycles/sec. The loading was applied under initial isotropic condition (consolidation pressures). Due to extra cost, time required, and simplicity in using only one specimen, the cyclic shear tests were typically performed using a staged approach. At rst, a limited number of cycles (i.e., 40 cycles), with the given waveforms and loading frequencies, were applied at a very small strain level. Test results for cycles 1 to 40 were recorded by the data acquisition. Due to preparing the samples at the optimum moisture content, the water lls almost all empty space between the grains, theoretically (i.e., zero void ratio). Therefore, it can be expected that pore water pressure be produced during cyclic loading at medium and high strain levels. However, its value is very low, compared to the saturated samples (less than 10%). Generally, according to ASTM D3999 [18] , the specimen drainage valves open after each stage of cyclic loading to re-establish the e ective consolidation stress or maintain the existing excess pore water pressure before moving on to the next higher cyclic load or deformation level. However, excess pore water pressure is generated during the cyclic loading (ASTM D3999 [18] ); however, all of the calculations were performed based on the initial e ective stress at the studied strain levels. The excess pore water pressure produced during this cyclic loading was dissipated by opening the drainage valve so that the original e ective stresses could be retrieved. This procedure was then repeated for higher strain levels (about twice the initial amplitude) until the maximum shear strain level was attained. When the pore pressure was released due to opening the drainage valve, the volume of the specimen may decrease; thus, the sample became a little denser. The change in volume depends on the number of strain cycles applied, sample type, and axial strain amplitude. It was found that the amount of change in density was negligible for small strain amplitudes and was still very small even for strain amplitudes of up to 0.1% if the number of strain cycles was limited [5] . Therefore, it is believed that the re-use of samples for higher strain amplitudes still gives reasonably good results if the number of strain cycles applied is limited [5] . Axial loads, vertical displacements, volume changes, and pore pressures were measured at periodic intervals of 0.04, 0.02, 0.01, 0.004, and 0.002 seconds, respectively, for the applied load with frequencies of 0.5, 1, 2, 5, and 10 Hz in undrained conditions. Table 2 summarizes the characteristics of triaxial testing program including con ning pressure, loading frequency, number of loading cycles and samples prepared.
Cyclic test results
Tests results, including shear modulus and damping ratio versus shear strains, have been calculated based on the stress-strain hysteresis loop (see Figure 1) for the 1st to 40th cycles, according to ASTM D3999 [18] . The following equations were used to calculate shear strain and shear modulus: E = 2" a ;
where E is Young modulus, is shear stress, " 1 is axial strain, is shear strain, and v is Poisson's ratio. Poisson's ratio, v, is measured based on the following equation for specimens in an unsaturated condition:
where V p and V s represent the velocities of P and S waves in the studied boreholes pro les. Poisson's ratio, v, was calculated with respect to various depths of soil pro les of the tested materials; then, their average values were considered in calculations. The Poisson's ratio was equal to 0.29 for the three materials. For example, the specimen (e.g., SM) tested under con ning pressure of 100 kPa was prepared from the depths of 6 to 10 m of the soil pro le. The average value of Poisson's ratio at these depths is equal to 0.29. The average value of Poisson's ratio for SW and SC Only at con ning pressure of 100 kPa specimens tested under con ning pressure of 100 kPa is also equal to 0.29. The hysteresis damping ratio (the word hysteresis means \lag" or \delay" and comes from ancient Greek) or the time-lag between a driven cyclic stress and driven strain is calculated as follows:
where W D is the energy dissipated in one cycle of loading, and W s is the maximum strain energy stored during the cycle.
Frequency-dependent shear modulus
Results of G versus shear strain at con ning pressures of 100, 200, and 500 kPa and loading frequencies of 0.5, 1, 2, 5, and 10 Hz for SM, SW, and SC materials are presented in Figure 2 . The measured strain range is about 0.0001 to up 1%. According to Figure 2 , at low strain amplitudes, the shear modulus is nearly constant and at its highest value, G max ; however, it decreases as the strain amplitude increases. The e ect of loading frequency on shear modulus at all strain levels is remarkable. Generally, the shear modulus increases as loading frequency increases, especially at the low strains. However, for some materials, as shear strain increases, the e ect of loading frequency on the values of G decreases; the rate of increase in G at low strains is higher than the corresponding value at a higher strain. The amplitude of strain values decreases in higher loading frequencies (e.g., 5 Hz and 10 Hz). Contrary to the observed behavior for gravelly materials [24] , the frequency of loading had a signi cant impact on G at strain levels higher than 0.01%. In general, at low and medium strain levels, an increase in loading frequency causes dispersion in G curve and an increase in G. The con ning pressure has a considerable e ect on strain values. As expected, the higher the value of con ning pressure is, the lower the amount of shear strain will be. Therefore, system performance in applying shear strains is highly a ected by frequency and con ning pressure.
Frequency-dependent maximum shear modulus
Many e orts have been made by researchers to develop equations for estimating maximum shear modulus, G max . High sensitive non-contact coiled deformation transducers located on the opposite sides of the top plated are used to measure the average strain and eliminate the rotational component. The maximum range of measurement is 2.5 mm with accuracy of less than 0.001 mm. In this study, the extrapolation method was employed from 0.0001% strain to obtain G max for the material (which is also used in [5, 24] ). For this purpose, the following equation has been used to determine G max :
G max = A:f(e):( 0 3 ) n ; f(e) = (2:17 e) 2 =(1 + e);
where A and n are the empirical constants, and e is the material void ratio. G max values of SM, SW, and SC materials under di erent con ning pressures and loading frequencies are presented in Table 3 . The material void ratio at the end of specimen consolidation is one of the most crucial parameters in G max estimation using experimental equations (e.g., [5, 29] .
The void ratio at the end of specimen consolidation is determined by measuring the volume change due to drainage after applying the isotropic con ning pressure.
As presented in Table 3 , the variation of void ratio due to consolidation is negligible because of preparing the specimens at optimum moisture content. G max , A, and n values are determined by plotting G=f(e) versus con ning pressure in the logarithmic form (the relationship between parameters is assumed to be linear in this method). According to Table 3 , G max =f(e) value increases as con ning pressure and loading frequency increase. The rate of shear modulus (due to loading frequency) increases by increasing the con ning pressure. The di erence of G max with respect to its values at 1 Hz (%) varies from 11:4 to 45.7, from 8.7 to 41.1, and from 7:7 to 27.1% for SM, SW, and SC, respectively. The extent of variations in G max could not be due to the test errors (testing tools or measuring errors). Constants A and n are also presented in Table 3 . A and n constants range from 22.9 to 76.7 and 0.2585 to 0.6053, respectively.
Results of G max under di erent con ning pressures for loading frequencies of 0.5, 1, 2, 5, and 10 Hz for SM, SW, and SC materials are presented in Figure 3 . It is observed that SC material is less a ected by loading frequency and has the lowest shear modulus value among the tested materials. The con ning pressure has also the least e ect on the maximum shear modulus of this material. SM material, G max , showed the maximum dependency on loading frequency and con ning pressure compared to the three other tested materials. SM material has the highest G max .
Frequency-dependent G=G max
Generally, in practice, shear modulus, G, is more applicable than maximum shear stress, G max . Thus, the variations of G=G max for soils under various circumstances have great importance. G=G max curves presented by Seed and Idriss [7] have been used by many researchers and engineers for many years. In addition, the variations of G=G max of sands for di erent plasticity indices have been presented in EPRI [26] . Furthermore, Kokusho [27] proposed G=G max relationship for non-plastic sands (P I = 0). In this study, the extrapolation method was employed from 0.0001% strain to obtain G max for the materials. Subsequently, the normalized shear modulus, G=G max , under di erent con ning pressures and loading frequencies was obtained. Then, with respect to G max and density, the shear wave velocity can be obtained. Results of G=G max versus shear strain under con ning pressures of 100, 200, and 500 kPa and loading frequencies of 0.5, 1, 2, 5, and 10 Hz for SM, SW, and SC materials are presented in Figure 4 . The proposed curves by Seed and Idriss [7] , EPRI [26] , and Kokusho [27] are also shown in the gure. Generally, at certain shear strain, as con ning pressure increases, G=G max increases. There is a reverse trend against increasing loading frequency in all tested specimens; the value of G=G max , at certain strain, decreases as loading frequency increases. According to Figure 4 , most of data points are located out of the pervious curves. The values of G=G max for the SM material are less than the lower bound of Seed and Idriss [7] . On the other hand, G=G max of the SC material is almost located in the suggested bounds of EPRI [26] . In general, SM and SC are less a ected by con ning pressure. The remarkable variation of G=G max for SW material is an interesting point. Figure 5 , for instance, shows stress-strain hysteresis loop at almost the same amplitude of deviator stress for SM material under 0 3 = 100 kPa at the 10th cycle and loading frequencies of 0.5 and 10 Hz. Similar results are also obtained for SM under di erent con ning pressures. There are some di erences in the hysteresis loop; an elliptical shape may be observed at high loading frequency. The obtained hysteresis loop indicates the importance of loading frequency in damping results.
Frequency-dependent damping ratio
Mechanisms contributing to material damping are friction between soil particles, inertia of particles, viscosity of soil skeleton, and viscosity of pore uid. Among them, it is perceived that the inertia acting on the individual soil particles and the system as a whole reduces the contact surface between the particles and to disturb the stable structure and orientation of grains, causing energy dissipation. In addition, dynamic loading at a higher strain rate may lead to the impact between the particles (particle collision), and the particles' decreasing tendency in volume (settlement) results in greater interaction between them, causing large energy dissipation [30] [31] [32] . Generally, the higher shear modulus obtained from resonant column and bender element tests, compared to triaxial and torsional shear tests, may be a result of higher loading frequency e ect. Frequency e ect on damping that was not observed in triaxial and torsional shear element tests in a previous research can be explained as follows: most of element tests are performed at very low frequencies of less than 1 Hz. In this range, perhaps, the e ect of frequency is negligible except for a creep e ect, which may be observed at a very low frequency. Generally, in the resonant column test, damping was measured under free vibrations. It is not necessary for the behavior of the material to be the same under free and forced vibrations, and the material in forced vibration might not dissipate energy as expected, according to the minimum principle. Recent test results have shown a high damping ratio even at low strain levels (< 0:001%) in non-resonant column tests [10, 14] . All of the cyclic deviator stresses in earlier studies were applied to uniform sinusoidal cycles at frequencies of up to 0.2 Hz [17] . The low frequency may be selected to measure the deformation as well as machine limitations accurately.
Results of damping ratio versus shear strain at con ning pressures of 100, 200, and 500 kPa and loading frequencies of 0.5, 1, 2, 5, and 10 Hz for SM, SW, and SC materials are presented in Figure 6 . The damping ratios of the studied soils are not signi cantly a ected by con ning pressures. However, damping ratio decreases as con ning pressure increases. It is worth mentioning here that by increasing the loading frequency, damping ratio increases not only at low strain, but also at medium and high strain levels. It appears that the damping value at any loading frequency reaches a plateau value.
Generally, the damping ratio versus shear strain of the studied materials, under loading frequency of 0.5 Hz, falls almost in the range identi ed previously. However, at higher loading frequencies (5 and 10 Hz), the damping ratios completely fall above the upper bound trend observed by previous studies (see Figure 6) .
Comparison of D results of the studied materials and the proposed curves by Seed and Idriss [7] , Kokusho [27] , and EPRI [26] for sands shows that data points of damping ratio are located almost out of upper bound proposed by Seed and Idriss [7] . Therefore, a signi cant di erence was observed between the amounts of damping behavior of the studied materials with results available in the literature. This must be because previous studies have been performed and focused on pure sands. This could be another reason for highlighting the importance of the study on sands in decomposition of other grains, such as clay, silt, and gravels. In general, at higher shear strain levels, only insigni cant amount of the data corresponding to loading frequencies of 0.5, 1, and 2 Hz are within the speci ed ranges. The maximum measured damping ratio for tested mixed sandy specimens at optimum moisture content was 40%. The maximum observed damping ratio at low strains was less than 10%. The reduction of damping ratio for the studied materials (less than 40%), compared with gravelly material (45%, [24] ), is possibly due to maximum grain size, ne content, grains inertia, and also moisture content conditions. As a conclusion, when implementing the proposed D curves, con ning pressure, plasticity index, maximum particle size, soils type, and loading frequency in particular should be considered.
E ect of con ning pressure
The specimens of sandy materials were prepared and tested under di erent con ning pressure conditions, as mentioned previously. According to the reviewed literature and the results of large triaxial tests, the e ects of con ning pressure on shear modulus are more pronounced than the other parameters. The results indicate that shear modulus (especially in SM materials) increased with an increase in con ning pressure. In general, SM and SC are less a ected by con ning pressure. The remarkable variation of G=G max for SM material is an interesting point. The damping ratios of the tested specimens are not signi cantly a ected by con ning pressures and, thus, decrease slightly as con ning pressure increases.
E ect of loading waveform
There are di erent sources of vibration with di erent waveforms, such as tra c, machine, sea wave, and earthquake loading. There is not much research in the literature concerning the e ects of frequency and waveform on the behaviors of natural sands. The e ect of waveforms on G and D has been investigated at di erent con ning pressures and loading frequencies. For this purpose, sinusoidal, triangular, and rectangular waveforms were applied to SM, SW, and SC specimens at the loading frequency ranging from 0.1 to 10 Hz. The deviator stress versus time under di erent waveforms for SW material under con ning pressure of 500 kPa and loading frequency of 1 Hz is presented in Figure 7 (a). The deviator stress versus axial strain is also shown in Figure 7(b) . Despite the fact that the waveforms are di erent in appearance, they produce almost the same hysteresis loop. Therefore, in this study, shear modulus and damping ratio of the tested materials have been calculated using Eqs. (1) to (3) .
The results of shear modulus and damping ratio for di erent waveforms are presented in Figure 8 . According to Figure 8 , the loading waveform has minor e ect on shear modulus of the tested materials. Generally, shear modulus related to triangular waveform has greater values than sinusoidal and rectangular waveforms. Results also showed that damping ratio of triangular waveform is higher than that of the sinusoidal and rectangular waveforms. Aghaei Araei et al. [24] reported the opposite trend for gravelly materials.
E ect of number of cycles
The e ect of the number of cycles has been taken into consideration by many researchers. The increasing number of applied cycles may a ect the damping ratio and shear modulus at medium and large strain levels [5, 7] . This subject is also considered in this study. Figure 9 , for instance, shows the test results including the e ects of the number of cycles on G value (i.e., G 10 =G 40 ; G 10 = modulus G for the 10th cycle, and G 40 = modulus G for the 40th cycle) versus shear strain for the tested specimens under sinusoidal waveform of mixed sandy materials. Generally, the values of G 10 =G 40 increased at strain between 0.01 and 0.5%. The values of G 10 =G 40 are between 0.94 and 1.12 for strain less than 0.1%. The value of G 10 =G 40 increased slightly at shear strain higher than 0.1%. Variations of D 10 =D 40 (D 10 = damping (D) for the 10th cycle and D 40 = damping for the 40th cycle) versus shear strain for the tested specimens under sinusoidal waveform of mixed sandy materials are also shown in Figure 9 . This gure indicates that the e ects of the number of cycles on damping ratio are negligible, too. However, the variations of D 10 =D 40 range from 0.96 to 1.10 (for strain up to 0.1%). As a result, it appears that G 10 =G 40 and D 10 =D 40 results were not signi cantly a ected by the number of cycles (up to strain less than 0.1%) for the mixed sandy materials. It must be noted that the number of cycles does not a ect the general trend of G and D curves, especially at low strains [24] .
Excess pore water pressure and pore pressure ratio
Generally, excess pore water pressure will be generated during the cyclic test under di erent conditions. The increase in excess pore water pressure may a ect the values of dynamic parameters, including shear modulus and damping ratio. For this reason, its value must be considered during the tests. Pore water pressure in the specimen has been measured directly using a very sti electronic pressure transducer. Axial loads, vertical displacements, volume changes, and pore pressures were measured at periodic intervals of 0.04, 0.02, 0.01, 0.004, and 0.002 seconds, respectively, for the applied load with frequencies of 0.5, 1, 2, 5, and 10 Hz in undrained conditions, as mentioned previously. Figure 10 , for instance, shows the generated excess pore water pressure during cyclic loading test for SM materials under con ning pressure of 500 kPa at di erent loading frequencies. Generally, the generated pore water pressure was negligible, especially at high frequency (e.g., 5 and 10 Hz) due to the preparation of samples at their optimum moisture content, as expected (see Figure 10 ). An increase in the loading frequency leads to the increase of the generated EPWP during cyclic loading triaxial tests at high strain levels ( > 0:1%). However, the maximum observed EPWP was less than 8 kPa (at higher stress amplitude for low frequency loading, e.g., 0.5 Hz) and could not in uence shear modulus and damping ratio results. The variations of excess pore water pressure at the 40th cycle versus shear strain of the studied mixed sandy materials are also shown in Figure 11 . The variations are presented for tests under di erent con ning pressures and loading frequencies. It appears that the pore water pressure is not a ected by the loading frequency and is only proportional to the strain level. The e ect of strain level increased as con ning pressure increased. The maximum measured generated excess pore water pressure in cyclic tests was negligible and less than 9 kPa. The variations of pore pressure ratio (U max = 0 3 ) at di erent levels of shear strain for the 40th cycle are also shown in Figure 12 . According to Figure 12 , the amount of pore pressure ratios was less than 7 percent in all studied strain levels. 
Volume change and axial displacement
The volume change often has been reduced by opening drainage valve in triaxial tests. Thus, the sample will be denser slightly. As mentioned before, any volume change depends on axial strain level, saturation degree, number of applied cycles, and soil type. The change in density is negligible for the small strain. It was still very small even for strain amplitudes of up to 0.1% if the number of strain cycles was limited [5] . The variations of volume change versus shear strain at the end of each loading step under di erent con ning pressures and loading frequencies for tested materials are shown in Figure 13 . According to Figure 13 , water ows in or out of the cylindrical sample by opening the drainage valve depending on the con ning pressure and saturation degree. The reduction in the volume of the released water by an increase in con ning pressure is an interesting point. Moreover, the highest degree of variation in the volume change occurred at low frequencies (0.5 and 1 Hz). Test results of the mixed sandy materials indicate that the maximum observed volume change due to drainage of the specimen is 0.006 Liter and has value of 0.004 Liter at axial strain 0.1%. The total volume of a cylindrical specimen with a diameter of 20 and 40 cm in height is 12.566 Liter. The maximum volume change observed in specimens e, is less than 0.05 percent of their total value. Therefore, the change in the void ratio of specimens e, is less than 0.05 percent, and variation of f(e) will be even less. Therefore, variations in f(e) have been ignored for the shear strain above 0.1% for these high compacted specimens. Moreover, the maximum observed strains in specimens were negligible (except for specimen under loading frequency of 0.5 Hz at shear strain greater than 0.1%) due to the high density of the tested samples. Volume change in percent at shear strain of 0.1% is less than 0.3%. Moreover, the change in density due to drainage is less than 1% at shear strain of 0.1%. According to ASTM D3999 [18] and ASTM D4015 [32] , a soil material typically behaves like an elastic solid exhibiting a nondestructive response to the application of cyclic loading below a threshold axial strain level of < 0:01%, and many measurements of the same specimen may be made with various states of ambient stress. Therefore, it is believed that the re-use of samples for higher strain amplitudes (i.e., up to 0.1%) still gives reasonably good results if the number of strain cycles applied is limited. Figure 14 shows the variations of permanent axial displacement versus shear strain under di erent con ning pressures and loading frequencies at the 40th cycle. Generally, the observed permanent axial strains at higher loading frequencies (e.g., 5 and 10 Hz) are smaller than lower frequencies (e.g., 0.5 Hz). According to Figure 14 , the axial permanent displacements at the last stage of cyclic loading under frequency of 5.0 Hz are greater than 2 mm, which rarely reach 1 mm for shear strains less than 0.01%. Therefore, the tests may be made on the same specimen for shear strains up to 0.01% [18, 24] . According to the tests results, for compacted specimens, the overall trend of the shear modulus and damping ratio curves was not a ected by the number of cycles and their corresponding axial permanent strains [24] . It is worth noting that the permanent axial deformation decreases as con ning pressure increases.
Comparison of D G=G max results with previous studies
It is observed that when the results are presented in D G=G max the form, the complex e ects of con ning pressure are eliminated, thus facilitating the interpretation of loading frequency e ect. The relationship between damping ratio and G=G max is proposed by a number of researchers as follows [19] : D = A(G=G max ) 2 + B(G=G max ) + C + D max ; (5) where coe cients A, B, and C are determined through test results. Results of damping ratio versus G=G max under di erent con ning pressures and loading frequencies for the sandy materials are shown in Figure 15 . The proposed curves by Seed and Idriss [7] , EPRI [26] , and Kokusho [27] for sands are also shown. In the study of Kokusho [27] , tests were carried out on nonplastic sands (P I = 0). Since SC has 15% plasticity index, the results are compared only to those of Seed and Idriss [7] and EPRI [26] . According to Figure  15 , there is good agreement between cyclic test results at loading frequency less than 1 Hz and the proposed curves. However, the di erences are remarkable at the frequency of 2 Hz and, especially for 5 Hz and 10 Hz. 
Conclusions
In this paper, the dynamic properties (including shear modulus and damping ratio) of mixed sandy soils were evaluated. This study focused on the e ects of loading frequency and con ning pressure on G and D versus shear strain (which ranges from 0.0001 to 0.1%). A total number of 40 triaxial tests were conducted on the large-scale cylindrical specimens with a diameter of 200 and 400 mm in height. The main ndings of this study may be summarized as follows:
The increase in loading frequency causes an increase in shear modulus at low strain. However, the rate of the increase in G due to the increase of loading frequency may decrease as the strain increases; Generally, for SW material, as con ning pressure increases, G=G max curve moves from the lower bound toward the upper bound proposed by previous researchers. There are reverse trends against the increasing loading frequency in all tested specimens; G=G max curve moves from the upper bound toward the lower bound. Generally, at certain strain, G=G max decreases as loading frequency increases. However, SM and SC materials are less a ected by con ning pressure; The damping ratios of the studied soils are not signi cantly a ected by con ning pressures. However, damping ratio decreases as con ning pressures increase, especially at high con ning pressures (500 kPa). It is worth noticing here that, with the increasing loading frequency, damping ratio increases not only at low strain, but also at medium and high strain levels. It appears that the damping value at any loading frequency at higher strains level would reach a plateau value; Comparison of D results of the studied materials and the proposed curves by Seed and Idriss [7] , Kokusho [27] , and EPRI [26] shows that the data points of damping ratio are located almost out of upper bound, as proposed by Seed and Idriss [7] . The di erences are remarkable at the frequencies of 5 and 10 Hz; A signi cant di erence is observed between the amounts of damping behavior of the studied materials with results available in the literature. This must be due to the fact that previous studies have been speci cally carried out and focused on pure sands. This could be another reason for highlighting the importance of the study on sands in decomposition of other grains, such as clay, silt, and gravels. When implementing the proposed D y curves, conning pressure, plasticity index, maximum particle size, soils type, and loading frequency in particular should be considered;
The e ect of triangular, sinusoidal, and rectangular waveforms on the dynamic behavior is negligible. However, shear modulus and damping ratio of triangular waveform are slightly higher than those of sinusoidal and rectangular waveforms are; E ects of the number of cyclic loading and excess pore water pressure on G=G max and D are negligible at strains smaller than 0.01%. The volume change and permanent axial displacement are also negligible and decrease as con ning pressure increases.
Finally, considering the e ects of loading frequency on shear modulus and, especially, damping behavior, tests should be programmed in a proper manner in terms of loading frequency and number of cyclic loading. The results of this study may be applicable to consultants, contractors, employers, and practitioners in seismic microzonation projects for similar materials.
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